Mechanisms underlying rod temporal contrast sensitivity have been considered in terms of a fast retinal signal predominating at mesopic levels and a slower retinal signal predominating at scotopic levels. Here we use a small signal masking method, which has previously been used to delineate the cone-mediated cortical temporal channels, to investigate their rod-mediated cortical counterparts. The results suggest that there are three different rod-mediated cortical temporal channels, one which is Iowpass and two which are bandpass. These mechanisms co-exist at all light levels and their relative sensitivity depend on the stimulus spatio-temporal frequency.
INTRODUCTION
There are at least two different types of temporal signals mediated by rod photoreceptors in the mammalian retina (Conner & MacLeod, 1977; Conner, 1982; Hess & Nordby, 1986a, b; Sharpe, Stockman & MacLeod, 1989; Stockman, Sharpe, Zrenner & Nordby, 1991) . The existence of this rod temporal duality within the retina has been inferred from the changing shape of the overall temporal transfer function, the shape of the temporal acuity dependence on mean light level and by phasedependent temporal interactions (Conner & MacLeod, 1977; Conner, 1982; Hess & Nordby, 1986a, b; Stockman et al., 1991) . Its basis is not well understood, but its explanation is thought to lie in the micro circuitry of the retina in that rod signals may travel along two different pathways. Rod signals may not only travel to ganglion cells via rod bipolars and amacrine cells but also via gap junctions through cone bipolars. Interaction between these two alternate routes is a possible candidate for the reported phase dependent interactions (Sharpe et al., 1989; Stockman et al., 1991) . It is thought that the faster rod temporal signal predominates under mesopic conditions and a slower rod signal predominates under scotopic conditions.
A different, though not necessarily incompatible, view of rod temporal processing comes from the recent results of Snowden, Hess and Waugh (1995) . They showed that for the normal trichromat there is evidence for 2-3 postreceptoral temporal mechanisms at all light levels, and that it is the relative sensitivities of these mechanisms that change with light level. Their results at scotopic levels suggest that this finding also applies to rod vision. The site of these mechanisms is thought to be cortical because it is only at the cortex that the temporal properties of cells are independent of the light level for which they are adapted (Hess, 1990; Kaufman & Palmer, 1990) . Ideally one would like to know if it also applied to the rod-mediated responses at mesopic levels where it is most difficult to isolate in normal trichromat because of the higher sensitivity of the cone response. Furthermore, what is the relationship between these two different views of rod temporal vision, one with its site in the retina and the other with its site in the cortex?
The first issue can be resolved by studying the properties of the rod temporal channels under mesopic conditions in a subject with total and complete achromatopsia who has been previously shown to be a pure rod monochromat (Hess, Sharpe & Nordby, I990) . We use a small signal temporal masking paradigm to delineate the properties of the temporal filters subserving rod vision over its full operating range.
Our results suggest that rod temporal vision is subserved by three temporal channels at all light levels, and that there may be no direct relationship between the so-called fast and slow retinal signals and the cortical temporal channels revealed by masking.
Stimuli
Probe stimuli were sinusoidal in both space and time (phase reversal). In order to localize the stimuli in both the space-time and in the spatial-temporal frequency domain, the grating was vignetted in space by a Gaussian window of space constant 2.25 deg, and vignetted in time by a raised cosinusoid of period 2 sec (0.5 Hz).
The mask stimuli consisted of the product of a temporal sinusoid and narrow band spatial noise [the sum of four sinusoids--see Hess and Snowden (1992) ]. The mask stimuli were vignetted in both space and time by the same windows as the probe stimuli. The spatial and temporal phase of the mask was randomized with respect to the test probe stimulus from trial to trial. The contrast of both stimuli was varied by means of digital attenuators and displayed on a Joyce raster screen (P4 phosphor) refreshed at a rate of 200 Hz. The luminance of the screen was calibrated and found to be linear up to contrasts of 98%. The stimuli were viewed through a circular aperture, 5.75 cm in diameter, cut from a black cardboard mask that occluded the surrounding screen. A green filter (Wratten #58) was placed behind the circular aperture to optimize for the spectral sensitivity of the rods. The stimuli were viewed from a distance of 0.57 m, maintained by use of a forehead rest, under midlevel incandescent room lighting. The stimulus labelled "0 c/deg" was simply a uniform field (which underwent the same windowing as all other stimuli).
Changing illuminance
The mean photopic luminance of the display screen (P4 phosphor) was 140 cd/m 2. The integrated scotopic luminance for the screen and the Wratten filter #58 between the range 380-760 nm was measured with a telespectro-radiometer. The scotopic luminance was 123 cd/m 2. Natural pupils were used and measured to be 3.2 mm diameter under these conditions. Thus under natural viewing, the scotopic mean illuminance of the display screen was 989 scot td. The mean luminance was modified by placing neutral density filters in a pair of light tight goggles. All light levels will be given in units of neutral density attenuation relative to the scotopic screen luminance of 123 cd/m 2. After the goggles had been fitted, the subject was allowed several minutes to adapt to the new conditions before any experiments were performed. The highest scotopic illuminance tested was 312 td which was achieved by using a 0.5 neutral density filter. This is the illuminance at which optimal rod sensitivity is obtained (Hess & Nordby, 1986a) . Higher illuminances result in reduced sensitivity due to saturation.
button press. Incorrect responses produced a feedback tone.
To measure modulation transfer functions, the contrast of the probe stimulus was varied from trial to trial by means of a staircase that increased the contrast after each incorrect response and decreased the contrast after two consecutive correct responses. Initially the increment/ decrement was 5 dB, and then reduced to 1 dB after three reversals of the staircase. The staircase terminated after 10 reversals and threshold was defined as the mean of the last eight reversal contrasts. Only one probe stimulus was tested on each experimental run.
The masking curves were measured by firstly measuring the threshold contrast for the probe stimulus alone (as above). This probe stimulus was then set to be 4 dB above its threshold contrast for the subsequent masking runs. The masking stimuli were presented in both temporal intervals and the probe was presented in only one. The subject once again indicated which interval contained the probe. Incorrect responses decremented the contrast of the masks whereas two consecutive correct responses incremented the mask contrast (for a rationale of this technique see . This staircase was used to estimate the contrast of the mask that just masked the presence of the probe stimulus. On each run only one combination of mask temporal frequency and probe temporal frequency was presented.
Subject
One of the authors, a total and complete achromat, served as the subject. His visual system has been the subject of extensive investigation in a number of laboratories worldwide over the last decade. He has no residual cone function, and his vision is explicable in terms of normal rod function [see Hess et al. (1990) for a summary of the supporting evidence]. We assume that his vision is subserved only by rods and that there is no difference in the sensitivity or organization of his rod vision compared with that of the trichromat. Two differences have been recently shown to exist between KN vision and that of the trichromat (Stockman et al., 1991) . First, his flicker null occurs at a higher intensity that normal. Second, his flicker null occurs at a slightly lower frequency than normal (14Hz as opposed to 15 Hz). The reason for these two, possibly related, differences is not well understood and it remains a possibility that there are subtle differences between either the sensitivity or organization of the rod mechanisms in this monochromat and normal trichromat. In this series of experiments, the subject was optically corrected, his head was supported by a forehead rest and all viewing was binocular. A small marker was placed at the centre of the stimulus to aid fixation.
Psychophysical procedures
Two-alternate forced-choice procedures were used throughout. The subject was presented with two 2 sec intervals (signalled by tones) separated by 0.5 sec. In one of the intervals the probe stimulus was presented and the subject's task was to indicate this interval by means of a FIGURE 1. Temporal contrast sensitivity functions for the rod monochromat as a function of the mean light level. In (A) the stimulus is of low spatial frequency, whereas in (B) it is of a relatively high spatial frequency for the rod system. Notice the different shapes of the curves for the different spatial frequency stimuli which are invariant with reduced light level. Neutral density = log (1/transmission) and are all relative to zero ND which equals 123 scotopic cd/m 2.
stimulus [ Fig. I(A) ] the relationship is bandpass and remains so as the light level is reduced. Initially sensitivity remains relatively constant over the first 1.5 log units of mean luminance reduction [the so called Weber response (see Hess & Nordby, 1986a) ], after which it progressively declines with reducing luminance. For the higher spatial frequency stimulus [ Fig. I(B) ] the relationship is lowpass and remains so as mean luminance is reduced. Sensitivity progressively declines as mean luminance is reduced [the so called RoseDeVries response (see Hess & Nordby, 1986a) ]. These results are not consistent with the view that the rod response becomes more lowpass in nature as illuminance is reduced (Conner, 1982) . Nor is it consistent with the view that rod temporal vision is subserved by a single "fast mesopic mechanism and a single slow scotopic mechanism". Both lowpass and bandpass responses are seen to co-exist over the same range of light levels.
The relationship between the lowpass and bandpass sensitivities at different light levels is displayed in Fig. 2. At the highest light level [ Fig. 2(A) ], the lowpass response has higher sensitivity at low temporal frequencies whereas the bandpass response has a slightly higher, or a matched, sensitivity at high temporal frequencies. At 2.0 log units below this level [ Fig. 2(B) ], the lowpass response has better sensitivity over most of the temporal range. At 3.0 log units below the original level [ Fig.  2(C) ], the lowpass response predominates at low temporal frequencies and the bandpass response predominates at higher temporal frequencies. At the lowest light level [ Fig. 2(D) ], the bandpass response predominates at all but the lowest temporal frequency. There are two points that are noteworthy here. First, the lowpass and bandpass responses do not fall in unison as the light level is reduced. Second, the overall envelope of both responses maintains a lowpass shape as illuminance is reduced. This is relevant if a spatially broadband stimulus such as a sharp edged spot is used to measure sensitivity, because it contains both high and low spatial frequency information. It highlights the risk of deducing what temporal mechanisms subserve rod vision by noting only those changes that occur in the shape of the overall temporal contrast sensitivity function as mean luminance is reduced, especially when using a spatially broadband stimulus (Conner, 1982) .
However, using spatial frequency narrowband stimuli does not ensure that unitary mechanisms underlie detection at all temporal frequencies. For example, the temporal lowpass response obtained with the high spatial frequency stimulus does not necessarily mean that a unitary lowpass channel determines threshold sensitivity at all temporal frequencies. Similarly, one should be cautious when interpreting the significance of a measured temporal bandpass response to a low spatial frequency stimulus. To investigate the contributions of the underlying unitary mechanisms to the overall temporal response function, we use a small signal masking method which has been previously successful in defining the temporal channels of the normal trichromat Snowden et aL, 1995) . One of the important aspects of this experimental paradigm is that the test signal is set to be close to, but just above threshold, to limit the spread of masking. This confers two advantages. First, the results are directly relevant to the mechanisms underlying threshold sensitivity (ie relevant to what determines the shape of the overall temporal sensitivity function) and second, it avoids problems due to off-frequency looking (Pelli, 1981) .
Let us begin by examining what temporal mechanisms underlie the rod-mediated lowpass temporal response obtained at the higher spatial frequency of I c/deg. When 
10 100
Temporal Frequency (Hz) FIGURE 2. Data of figure replotted to compare temporal sensitivity for stimuli of different spatial frequency. The relationship between temporal sensitivity for a low and high spatial frequency stimulus at four different light levels. At intermediate light levels, the low temporal frequency response is dominant whereas at low light levels, the higher temporal frequency response is dominant. Neutral density = log (1/transmission) and are all relative to zero ND which equals 123 scotopic cd/m 2.
the test stimulus is positioned at 1 Hz, the masking functions obtained using the small signal masking technique of Hess and Snowden (1992) are of a lowpass form irrespective of the light level at which they are measured (Fig. 3) . For the normal trichromat, probe frequencies between 1 and 3 Hz result in identical masking functions, all having a lowpass form. We assume that this is also the case for the achromat and choose 1 Hz as a representative probe frequency. When test stimuli were moved to higher temporal frequencies, two other maskable mechanisms were observed at the highest light level (mesopic for rods) in addition to the lowpass masking function already described in Fig. 3 . We only tested at these two probe frequencies because two previous studies of the normal trichromat Snowden et al., 1995) had provided evidence that there were masking functions centred at these frequencies. We assumed that this was also the case in the achromat. Unsurprisingly we revealed two mechanisms, both bandpass in form, with peaks occurring at 3 and 8 Hz. They are shown in Fig. 4 for two different light levels [ Fig. 4(A) ----0.5 nd and Fig.  4 (B)---2.5 nd). At the lower light level there was only evidence for the 3 Hz bandpass mechanism. Thus we conclude that the overall lowpass temporal response is itself subserved by at least three more narrowly tuned temporal mechanisms whose sensitivities, not tuning characteristics, independently vary with light level. Now we turn our attention to the temporal mechanisms underlying the rod-mediated bandpass temporal sensitivity response obtained for low spatial frequency stimuli. We again choose probe frequencies on the basis of two previous studies on the trichromat Snowden et al., 1995) and assumed that they were also relevant to the achromat. An examination of the masking functions for a range of different test temporal frequencies again revealed three maskable mechanisms, a lowpass mechanism, a bandpass mechanism centred at around 3 Hz and another bandpass mechanism centred at 8 Hz (Fig. 5) . As the light level is reduced, it is the relative sensitivities not the temporal tuning characteristics of these temporally tuned mechanisms that change. They are present, albeit reduced in sensitivity, even at the lowest light level that we could test.
DISCUSSION
These results suggests that there are at least three rod temporal channels: a lowpass channel and two bandpass channels. One of the bandpass channels peaks at 3--4 Hz while the other peaks at 8 Hz. The main change that occurs for individual filters with light level, target spatial frequency and possibly eccentricity is in their relative sensitivities rather than in their temporal filtering properties. The overall temporal contrast sensitivity function represents the activity of these three unitary mechanisms in concert. It's shape at any particular light level is determined both by the parameters of the stimulus and the spatio-temporal properties of these temporal channels.
The finding of a lowpass and a 3-4 Hz bandpass temporal mechanism whose sensitivity and not temporal filtering properties change with light level is not unexpected. Snowden, Hess and Waugh (1995) using an identical technique came to similar conclusions for the normal trichromat under mesopic and scotopic conditions. Indeed, they showed a similar organization for the isolated mesopic cone response in the normal trichromat. Thus it would seem that these temporal mechanisms are common to both receptor systems. The finding of a mesopic 8Hz bandpass channel which persists at scotopic levels was, however, unexpected and no counterpart was revealed in the normal trichromat (Snowden et al., 1995) . Either it is a peculiarity of the rod monochromat or it represents the pure performance of the rod system when isolated from the cones. Although it remains a possibility, we are hesitant to conclude that the former is correct because it would represent the only piece of evidence that this rod monochromat has other than normal rod function. There is a considerable mass of experimental evidence collected on this individual over the past decade by a number of reputable laboratories which argue against such a conclusion (see Hess et al., 1990 ). Instead we believe that it is precisely because of the isolated form of the rod system in the monochromat that there is a difference between the measured response of the monochromat and trichromat. It has been shown that in the trichromat, under mesopic to scotopic levels of illumination, that sensitivity above 6 Hz can be severely reduced as the result of a rod-cone interaction (Hess, Mullen & Nordby, 1992). Under these same conditions, sensitivity in the monochromat is enhanced relative to the trichromat owing to the absence of this interaction. Thus the monochromat's results in which we demonstrate three temporal channels may represent a more exact picture of the number of temporal channels subserving rod vision. That is, the results of Snowden et al. (1995) in the trichromat may not have revealed the 8 Hz mechanism due to a rapid loss of sensitivity at higher temporal frequencies as the result of this rod-cone interaction. If this explanation is correct then there is a simple prediction. This interaction has been shown to only involve the central retina and so the 8 Hz bandpass channel should be easier to unmask in the periphery of the normal trichromat. Thus in summary there appear to be at least three unitary temporal mechanisms subserving both rod and cone vision. Under photopic conditions, Hess and Snowden (1992) have demonstrated the existence of one lowpass and two bandpass mechanisms centred at 8 and 15 Hz. Under mesopic conditions, Snowden et al. (1995) have shown that the temporal dynamics of the lower bandpass mechanism changes so that its peak shifts to 3-4 Hz. We assume that the apparent absence of the higher bandpass mechanism is due to a loss in temporal sensitivity due to the rod-cone interaction described by and that its peak is also shifted to lower temporal frequencies from photopic to mesopic illumination. An alternate, less likely explanation is that rod vision has access to an different bandpass temporal channel (centred at 3 Hz) which has no counterpart in cone vision . We are however currently re-investigating this possibility.
The temporal mechanisms revealed by these masking experiments are believed to be cortical in nature because it has been shown that both the temporal properties of cortical cells (Hess, 1990; Kaufman & Palmer, 1990 ) and individual psychophysical tuning curves measured here (Snowden et al., 1995) are, to a first approximation, invariant with retinal illumination. This is not the case for either M or P primate retinal neurones (Purpura, Tranchina, Kaplan & Shapley, 1990) . Nor is it true for cat retinal ganglion cells (Derrington & Lennie, 1982; Frishman, Freeman, Troy, Schweitzer-Tong & EnrothCugell, 1987) or cat geniculate cells (Troy, 1983) . Furthermore, these psychophysical tuning curves are thought to underlie our temporal perception (Mandler & Makous, 1984; Waugh & Hess, 1994) . The temporal interactions, on the other hand, revealed by a number of studies (Sharpe et al., 1989; Stockman et al., 1991) are believed to be retinal in origin. There may be no direct correspondence between the fast and slow signals that interact before the ganglion cells and the temporal tuning of sub-populations of simple or complex cortical cells. The resultant peripheral temporal interactions between these retinal signals are of obvious interest in the context of the retinal micro circuitry but are of minimal importance for vision. Cortical temporal mechanisms can not of course be immune to interactions that have been clearly shown to occur in the retina (Sharpe et al., 1989; Stockman et al., 1991) but one would not expect to see such effects in the present data because they result in a loss in sensitivity for non-patterned stimuli which is restricted to only a small part of the visible range (around 15 Hz and 1 td). Such an effect should in principle be registered in the masking responses of individual cortical mechanisms if one's resolution within this small part of the visual range was sufficient. The present study has concentrated on the full temporal range of mesopic and scotopic vision rather than just temporal frequencies near the acuity limit.
